Objective: Adipose tissue-derived signals potentially link obesity and adipose tissue dysfunction with metabolic and cardiovascular diseases. Although some adipocytokines have been closely related to metabolic and cardiovascular traits, it is unknown which adipocytokine or adipocytokine clusters serve as meaningful markers of metabolic syndrome (MS) components. Therefore, this study investigated the associations of 12 adipocytokines with components of the MS to identify the most relevant cytokines potentially related to specific metabolic profiles.
In recent years, a large number of adipocytokines have been identified as potential links between obesity and other metabolic disease states (5) . However, most of the previous studies that aim to evaluate the predictive value of cytokines for metabolic and cardiovascular diseases have the following limitations: Studies investigating adipocytokines often include only a small number of subjects, are performed only in specific disease states, and consider only one rather than a combination of cytokines.
For example, we previously demonstrated in a small cohort of 141 patients with obesity that distinct adipocytokine clusters are related to either body fat mass and inflammation or insulin sensitivity/hyperglycemia and lipid metabolism, respectively (6) . However, the study investigated a cohort with specific disease states and limited case numbers.
Thus, it still remains unclear which adipocytokines are associated with specific facets of the MS (i.e., visceral obesity, hypertension, dyslipidemia, and insulin resistance). The clinical relevance of adipocytokine measurements to estimate the type 2 diabetes risk has been proven for adiponectin (7) . However, adipocytokine serum concentrations are still not used in clinical practice to diagnose or predict metabolic and cardiovascular diseases. Adipose tissue probably secretes .600 adipocytokines (8) . With the expanding number of identified adipocytokines there is an increasing need to define their function and potential clinical relevance for metabolic diseases.
To overcome limitations of previous studies, we aimed to investigate a panel of 12 adipocytokines [i.e., adiponectin, adipocyte fatty acid-binding protein (AFABP), chemerin, progranulin, irisin, fibroblast growth factor (FGF) 19, FGF21, FGF23, vaspin, angiopoietin-related growth factor (AGF), insulin-like growth factor (IGF)-1, and interleukin (IL) 10] in a cross-sectional cohort of 1046 extensively phenotyped subjects not specifically selected for metabolic or cardiovascular disease states.
We characterized each protein with a stepwise statistical approach by performing hypothesis-free cluster analysis with metabolic markers and other cytokines in the entire cohort, performing linear regression analysis with components of the MS in a healthy subcohort, and investigating the relative importance of each cytokine for distinguishing components of the MS in all participants.
Materials and Methods

Study participants
The design of the current study has been described previously (9) (10) (11) (12) (13) . Briefly, all subjects recruited for this study are part of a sample from a self-contained population of Sorbs in eastern Germany and were enrolled in the study between 2005 and 2007. Participants were not specifically selected for metabolic or cardiovascular disease states. For the present analysis, 1046 Sorbs were available. All investigations were performed by trained staff and included standardized questionnaires, anthropometric parameters [body mass index (BMI), waist/hip ratio, body impedance analysis], and a 75-g oral glucose tolerance test. Body composition analysis was performed with the BIA-2000-S device (Data Input GmbH, Darmstadt, Germany) and analyzed with the software Nutri3 (Data Input GmbH). MS and its components, were diagnosed according to the Joint Scientific Statement on Harmonizing the Metabolic Syndrome (4). Homeostasis model assessment of insulin resistance (14) and mean arterial blood pressure (BP) (15) were calculated as previously described. After assessment of serum creatinine, estimated glomerular filtration rate was assessed with the Chronic Kidney Disease Epidemiology Collaboration equation (16) . Spot urine specimens were analyzed for urinary albumin and creatinine, and the albumin/creatinine ratio was calculated. A 10-MHz ultrasound sensor (GE Healthcare, Inc., München, Germany) was used to measure the intima-media thickness (IMT) of the common carotid arteries. After three measurements, IMT values on each side were averaged and mean IMT was calculated. All subjects in this study, which was approved by the ethics committee of the University of Leipzig (Reg. No. 088-2005), gave written informed consent before taking part in the study.
Assays
In all subjects, blood samples were taken in the morning after an overnight fast and were immediately spun and frozen at 280°C until analyses were performed. Serum (adiponectin, AFABP, AGF, chemerin, FGF19, FGF21, irisin, IGF-1, IL10, progranulin, vaspin) and plasma (FGF23) concentrations of all cytokines under investigation were determined with commercially available enzyme-linked immunosorbent assays according to the manufacturers' instructions (AGF, irisin, progranulin, and vaspin: AdipoGen Inc., Seoul, South Korea; adiponectin, AFABP, chemerin, FGF19, and FGF21: BioVendor Inc., Brno, Czech Republic; FGF23: Immutopics Inc., San Clemente, CA; IGF-1: Liaison, DiaSorin, Saluggia, Italy; IL10: BD Bioscience, Heidelberg, Germany). Fasting insulin was determined with the AutoDELFIA insulin assay (PerkinElmer Life and Analytical Sciences, Turku, Finland). Serum creatinine was measured with the kinetic enzymatic method. Urinary albumin was determined with a turbidimetric assay for the Roche modular automated analyzer (Roche Diagnostics, Mannheim, Germany). Urinary creatinine was quantified by a photometric assay for the Roche/Hitachi cobas c automated analyzer (Roche Diagnostics). Fasting glucose (FG), glucose levels during the oral glucose tolerance test, glycated hemoglobin A1c, total cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol, triglycerides (TG), and C-reactive protein were measured by standard laboratory methods in a certified laboratory (University of Leipzig, Institute of Laboratory Medicine).
Statistical analysis
For statistical analysis, SPSS software version 24.0 (IBM, Armonk, NY) and the statistical software package "R" [www. r-project.org (17) ] were used. In a first step, we performed hypothesis-free and cluster analysis to assess proximity of cytokines with anthropometric and metabolic markers. Before cluster analysis, all variables were sex adjusted. Cluster analysis was performed by Ward's minimum variance method with the function "pvclust" of the statistical software package "R" [www.r-project.org (17) ], and 10,000 bootstrapping replications were analyzed. Approximately unbiased (AU) P values and bootstrap probability values of the branching points in our cluster diagrams were calculated as previously described (6) . AU P values $90% were considered strong evidence for the respective cluster.
Next, multiple linear regression analysis was carried out in healthy subjects to identify independent associations of adipocytokines with components of the metabolic syndrome. For this purpose, only participants without a diagnosis or treatment of diabetes mellitus, hypertension, or impaired TG or HDL-C were included in each model, respectively. Thus, all subjects with a diagnosis of diabetes mellitus or on antidiabetic treatment were excluded from the model for FG. For mean arterial BP, all participants with an established diagnosis of hypertension or treatment were excluded. Furthermore, all subjects treated with peroxisome proliferator-activated receptor a-activators were not included in the multivariate model for TG. For HDL-C, all subjects on niacin treatment were excluded before multiple linear regression analysis. Before we performed multiple linear regression analyses, normality of the distribution of residuals was assessed by visual inspection of P-P plots. Homoscedasticity was assessed by visual inspection of residual plots, revealing no signs of strong heteroscedasticity (data not shown). No formal testing was applied to avoid sequential testing situations. To assess the degree of multicollinearity between independent variables, variance inflation factors were calculated for each model.
Finally, discriminant analysis was performed to identify the cytokines most relevant for discriminating the MS and its com- (4) . Components of the MS were transformed to dichotomous variables before analysis according to Alberti et al. (4) . Discriminant analysis was then carried out with logtransformed, sex-adjusted, unstandardized residuals. We calculated two models consisting of adipocytokines only (model 1) or all adipocytokines and metabolic markers used for the definition of the MS (model 2).
A P value of ,0.05 was considered statistically significant in all analyses.
Results
Baseline characteristics of the entire study cohort
Baseline characteristics of the study population are shown in Supplemental Table 1 .
Cluster analysis of all adipocytokines and cardiometabolic markers
Unsupervised and sex-adjusted cluster analysis of adipocytokines and anthropometric and cardiometabolic markers revealed four clusters in the entire cohort ( Fig. 1) : age, mean IMT, and waist/hip ratio (cluster 1); AFABP, BMI, and fat mass (cluster 2); estimated glomerular Participants were grouped into quartiles I to IV for each component of the MS, (i.e., FG, mean BP, TG, HDL-C, and waist circumference). For all components of the MS, median circulating levels of all cytokines according to each quartile are depicted. Numbers of subjects included are shown for each metabolic component and adipocytokine.
filtration rate and IGF-1 (cluster 3); and HDL-C and adiponectin (cluster 4), were significantly clustered (AU P values $90%).
Linear regression analysis with components of the MS
We assessed four different regression models to analyze the associations between the adipocytokines and different components of the MS (Table 2 ). In each model, only the subgroup of subjects without diagnosed alteration or drug treatment of the respective component of the MS were included (i.e., FG, BP, TG, and HDL-C). Evaluation of the variance inflation factors did not reveal a high degree of multicollinearity (data not shown). In the multivariate model consisting of all cytokines, age, sex, and fat mass, circulating chemerin levels were positively associated with (Table 2 ).
Discriminant analysis of the MS and its components by adipocytokines
To address the question which adipocytokines are most appropriate to distinguish the presence or absence of a certain component of the MS, as well as the MS itself, we performed sexadjusted descriptive discriminant analyses of all cytokines. Based on the standardized canonical discriminant coefficients, AFABP, chemerin, and FGF21 were the three most prominent markers for impaired FG (Table 3, model 1) . Figure 1 . Cluster analysis regarding metabolic cytokines and anthropometric and metabolic markers. Before cluster analysis, all variables were sex adjusted. Four clusters of strong correlations could be detected. Cluster analysis was performed by Ward's minimum variance method, and 10,000 bootstrapping replications were analyzed. AU (numbers in red) P values and bootstrap probability (numbers in green) values of the branching points were calculated. AU P values $90% were considered strong evidence for the respective cluster. In the cluster analysis consisting of all variables, 595 subjects were included. ACR, albumin/creatinine ratio; eGFR, estimated glomerular filtration rate; LDL-C, low density lipoprotein cholesterol; HbA1c, glycated hemoglobin A1c; HOMA-IR, homeostasis model assessment of insulin resistance; WHR, waist/hip ratio.
For hypertension, FGF21, IGF-1, and AFABP were most relevant (Table 3 , model 1). The adipocytokines FGF21, adiponectin, and AFABP had the highest relative importance for hypertriglyceridemia (Table 3, model 1) . Furthermore, adiponectin, FGF21, and FGF23 were the most relevant cytokines for reduced HDL-C levels (Table 3 , model 1). Moreover, AFABP, IGF-1, and adiponectin showed highest standardized canonical discriminant coefficients for increased waist circumference (Table 3, model 1) . Finally, the adipocytokines AFABP, Model 1 is calculated for each adipocytokine separately, adjusted for age, sex, and fat mass. In model 2, all adipocytokines, as well as age, sex, and fat mass, are included as independent variables. The r 2 of each model, standardized b, and P values are depicted, and significant predictors for each metabolic component are marked in bold. For each component of the MS, only participants without a diagnosis or treatment of the respective component were included. Numbers of subjects included in model 2 for each metabolic component are depicted. Normal distribution was assessed by visual inspection, and non-normally distributed variables were logarithmically transformed (ln) before testing.
FGF21
, and chemerin were highly relevant to distinguish between the presence or absence of the MS (Table 3 , model 1).
Waist circumference appeared to be the strongest discriminator for components of the MS (Table 3 , model 2). In the ranking of the standardized canonical discriminant coefficients, certain adipocytokines were better discriminators than routine metabolic markers. Thus, FGF21 is the strongest discriminator for elevated TG even when markers used for the definition of the MS were included in the model (Table 3 , model 2). In contrast, AGF, FGF19, IL10, irisin, progranulin, and vaspin are less potent to discriminate between metabolically healthy and unhealthy subjects (Table 3 , models 1 and 2).
Discussion
In the current study we investigated the associations of 12 adipocytokines with components of the MS (i.e., impaired FG, hypertension, dyslipidemia, and visceral obesity) and with the MS itself. We used hypothesis-free cluster analysis, multivariate regression models, and discriminant analyses to assess the relations and the relevance of distinct cytokines with different anthropometric and biochemical measures of the MS.
In metabolically healthy subjects, the adipocytokines chemerin, FGF21, and adiponectin showed the highest associations as assessed by standardized b with the respective metabolic outcome parameters (i.e., FG, BP, TG, and HDL-C). Thus, in patients not affected by the respective component of the MS, the adipocytokine chemerin is significantly associated with an adverse metabolic status even after adjustment for fat mass. Interestingly, chemerin has been presented as an adipocytokine that influences adipocyte expression of genes involved in glucose and lipid metabolism in vitro (18) . Additional studies from our group and others demonstrate that chemerin is also adversely associated with glucose homeostasis (19) , body fat mass (6), inflammation (6, 20) , TG (21), HDL-C (21), and BP (21) in humans with metabolic disease states, supporting our findings. Importantly, the observed associations between chemerin and cardiometabolic traits are independent of fat mass, and chemerin can distinguish certain metabolic components (i.e., FG and hypertension) besides waist circumference. These results suggest either that chemerin is not exclusively produced by adipose tissue or that impaired adipose tissue function rather than increased fat mass determines increased circulating chemerin. The latter hypothesis is supported by data from age-, sex-, and BMI-matched patients with either insulin-sensitive or insulin-resistant obesity (22) . Independently of fat mass, people with insulin-resistant obesity and impaired adipose tissue function had higher serum chemerin concentrations (22) . Furthermore, we have recently shown that chemerin serum concentrations closely reflect body weight dynamics in the context of different diet interventions (23) . In addition to chemerin, the adipocytokines adiponectin and FGF21 are associated with distinct metabolic parameters in our linear regression analysis. Thus, high adiponectin is a predictor for low TG and higher HDL-C. Interestingly, adiponectin is also significantly clustered with HDL-C in our unbiased cluster analysis of the entire cohort. This finding is in accordance with published data obtained in obese patients undergoing weight loss intervention (24) and healthy patients (25) . Treatment with statins and fibrates not only increases HDL-C but also raises adiponectin levels in patients with coronary artery disease and dyslipidemia (26) . Furthermore, adiponectin is able to distinguish subjects with impaired HDL-C with similar power to TG and waist circumference.
FGF21 is a marker and predictor for an adverse metabolic profile (27, 28) . Zhang et al. (27) demonstrated similar regulations in a cohort of 232 Chinese subjects with a high prevalence of overweight or obesity and diabetic patients. This finding is in accordance with the hypothesis of an FGF21 resistance observed in MS and its components, including obesity (29) . The results of our linear regression analysis provide further evidence that the observed associations of FGF21 might be causal and independent of fat mass even in a healthy cohort. FGF21 is the strongest discriminator for subjects with elevated TG in our discriminant analysis including all adipocytokines and metabolic markers.
In our cohort, AFABP was significantly clustered with fat mass and BMI. This finding is corroborated by our regression models showing no association with facets of the MS when adjusted for fat mass. AFABP has been introduced as an adipocytokine with adverse cardiometabolic effects that is associated with components of the MS [e.g., obesity, insulin resistance, and dyslipidemia, as reviewed in (30) ] and renal dysfunction (31) . Among all investigated adipocytokines, AFABP also robustly distinguishes the presence or absence of the MS and its components. However, when waist circumference is included in the discriminant analysis, the ability of AFABP to distinguish metabolic components disappears. It should be noted in this context that a recent study by Zachariah et al. (32) demonstrated that AFABP is higher in metabolically healthy obese patients than in lean subjects but does not predict new-onset MS in a longitudinal analysis of the Framingham Heart Study. These data further support our results suggesting that AFABP is a surrogate parameter of fat mass rather than being causally involved in the pathogenesis of the MS.
In contrast to adiponectin, AFABP, chemerin, and FGF21, other cytokines in our cohort are associated with markers of the MS in regression models but are not clustered to anthropometric or metabolic markers including irisin and vaspin, as well as AGF, IGF-1, and IL10. It should be noted that these associations are weak in our regression analyses. Furthermore, these adipocytokines have low standardized discriminant regression coefficients in discriminant analyses for components of the MS. Moreover, results of our multivariate linear regression analyses and discriminant analyses cannot be directly compared because different subsets of individuals have been included to meet the distinct questions of interest.
Based on our data, AGF, IGF-1, IL10, irisin, progranulin, and vaspin are less important for the diagnosis of the MS and its components as compared with adiponectin, AFABP, chemerin, and FGF21, raising the question of whether clinical relevance can be derived.
Limitations of the current study include the crosssectional design. Therefore, no causality can be derived. Furthermore, the stability of the different adipocytokines in frozen samples could differ, and sample degradation may have contributed to variability within our results. On the other hand, all samples were analyzed in a single laboratory in one batch, and therefore different sample handling and storage should not influence our observed results. Furthermore, Lee et al. (33) suggested that plasma adipocytokine levels in general are stable and single measurements can represent cytokine levels over time in population-based studies. In addition, extensive phenotyping was performed at a high level of standardization by a trained study team.
In conclusion, we have demonstrated that some adipocytokines could serve as markers for distinct metabolic disease states in a general population, including adiponectin, chemerin, and FGF21. These adipocytokines might have fat mass-independent effects on markers of lipid and glucose metabolism, as well as hypertension. Future prospective studies should address the question of whether these adipocytokines can predict metabolic disease states, as already shown for adiponectin (7), retinol-binding protein 4 (32) , and fetuin-A (32), and should therefore be included in routine clinical measurement for risk stratification. Author Contributions: T.E., C.G., and A.T. wrote the manuscript and researched data. M. Scholz contributed to statistical analyses. M. Scholz, T.W., D.S., M.F., M.B., M. Stumvoll, and P.K. contributed to the discussion and reviewed and edited the manuscript. T.E. and A.T. are the guarantors of this work and as such had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of the data analysis.
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